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Abstract
There is much interest in the study and production of nondigestible oligosaccharides 
(NDOs), due to their bioactivities and beneficial effects to the human health. The main 
approach in the production of NDOs relies on the action of glycosidases performing 
hydrolysis or transglycosylation of polysaccharides and sugars. In this chapter, a descrip-
tion of the main microbial glycosidases used for NDOs production, their sources, their 
principal properties, and a description of the production processes with the better results 
obtained are discussed.
Keywords: glycosidases, transglysosylation, enzymatic hydrolysis, oligosaccharides
1. Introduction
The concept of nondigestible oligosaccharides (NDOs) came from the observation that the 
human body does not have the necessary enzymes to hydrolyze β-glycosidic linkages present 
in some sugars of the human diet. Thus, these carbohydrates can arrive intact in the intestine 
where they are fermented selectively stimulating the growth and/or activity of bacteria in the 
colon acting as prebiotics [1]. In this context, nondigestible oligosaccharides have received 
much attention since they have important biological properties promoting health beneficial 
effects. Stimulation of the intestinal microbiota growth associated with low cariogenic and 
caloric value are some of these properties. Also noteworthy is a stimulation of the immune 
system leading to a reduced risk of diarrhea and other infections. The benefits are obtained by 
a decrease in intestinal pH due to the fermentation of NDOs, decreasing the proliferation of 
© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
pathogenic microorganisms, and an increase of the bifidobacteria population [2]. The bioac-
tive properties of NDOs can be influenced by monosaccharide composition, type of glycosidic 
linkage, and degree of polymerization [2].
Nondigestible oligosaccharides can be produced using chemical or enzymatic processes. 
The synthesis using chemical methods are complicated, with numerous protection and 
deprotection steps required in order to achieve regioselectivity [3]. Other challenges of 
chemical synthesis are the low yields, expensive chemicals, and impossibility for scale-
up. For those reasons with few exceptions, most of the NDOs are produced by enzymatic 
processes.
The enzymatic production of NDOs can be achieved by two different approaches, the use 
of glycosyltransferases or glycosidases. Glycosyltransferases catalyze the stereospecific 
and regiospecific transfer of a monosaccharide from a donor substrate (glycosyl nucleo-
tide) to an acceptor substrate. Some of the difficulties associated with the application of 
glycosyltransferases are availability of enzymes and sugar nucleotide donors, product 
inhibition, and reagent costs. These factors decrease the applications of these enzymes 
in the production of NDOs [4]. The glycosidases offer a good alternative for enzymatic 
production of NDOs, where they can be synthetized from monosaccharides using trans-
glycosylation reactions, or formed by controlled enzymatic hydrolysis of polysaccharides. 
Some advantages of the glycosidases in relation to glycosyltransferases are availability, 
good stability, and the fact that they act on easily found substrates and do not need 
 cofactors [3].
The transglycosylation route can be performed by the use of a good glycosyl donor that can be 
a disaccharide, in high concentrations. This donor will form an intermediate glycosyl-enzyme 
that can be intercepted by an acceptor to give a new glycoside or oligosaccharide [3]. When 
the substrate is a monosaccharide, it will be acting as a donor and acceptor. Some glycosidases 
used to produce NDOs using this approach are α-galactosidases, β-fructofuranosidase, cyclo-
maltodextrin glucanotransferase, and α-glucosidase [4].
The production of NDOs by controlled hydrolysis of polysaccharides involves the break of 
glycosidic bonds, the reaction is acid base catalyzed by an oxocarbenium ion-like transition 
state and involves two carboxylic groups at the active site [5]. The glycosidases can be divided 
into inverting or retaining depending on the configuration of the glycosidic linkage after the 
hydrolysis. Inverting glycosidases operate through direct displacement of the leaving group 
by water. The two carboxylic groups are responsible for the reaction, one provides base cata-
lytic assistance to the attack of water and the other provides acid catalytic assistance to cleav-
age of the glycosidic bond. Retaining glycosidases use a double displacement mechanism 
involving the formation of a covalent glycosyl enzyme intermediate, where one carboxylic 
group acts as acid catalyst for the glycosylation step and base catalyst for the deglycosylation 
step [3]. The second carboxylic group acts as a nucleophile and a leaving group. The enzymes 
inulinase, pullulanase, amylase, xylanase, endogalactanase, rhamnogalacturonase, endoga-
lacturonase, and chitosanase are used for NDOs production using the controlled hydrolysis 
approach [4].
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2. Production of NDOs through glycosyl transfer reaction
2.1. Galactosidases
β-Galactosidases (EC 3.2.1.23) hydrolyze the nonreducing terminal of β-D-galactose residues 
in β-D-galactosides. The enzyme can be used in the production of galacto-oligosaccarides 
(GOs) by transgalactosylation reaction in which a galactosyl is transferred into the hydroxyl 
group of the galactose residue of lactose [6]. Due to the strong prebiotic factor, GOs can mod-
ulate the grown of microorganisms of the gut flora, increasing the population of bifidobacte-
ria, this enhancement is associated with beneficial effects, inhibition the grown of potentially 
pathogens, improvement, elimination, prevention, stimulation mineral adsorption, and dec-
rement cholesterol and lipids [7].
When using concentrated solutions of lactose (40%), high yields of GOs can be achieved. 
The β-galactosidase of Pseudozyma tsukubaensis showed high transgalactosylation capability, 
yielding of 18.28% of GOs with concentration of 73.12 g/L from a 40% lactose solution [8]. The 
immobilization of chemically aminated β-galactosidase from Aspergillus oryzae onto Purolite® 
A-109 leads to an increase in the operational stability and transgalactosylation capacity of the 
enzyme, producing in the optimum conditions (400 g/L lactose, pH 4.5, 50°C) 100 g/L of GOs 
in a fluidized bed reactor [9]. The utilization of an ultrafiltration membrane bioreactor, allows 
the synthesis and separation in one system. Using high lactose concentrations (470 g/L) and 
β-galactosidase from A. oryzae, the system yielded 1.88 gGOS/mgE that is 2.44-fold higher 
than the conventional batch (0.77 gGOS/mgE) [10].
The milk whey, a by-product from the dairy industry, is a valuable substrate for GOs produc-
tions due to its lactose contend (45–60%). The whey is produced by the processing and manu-
facturing of raw milk into products such as yogurt, ice cream, butter, and cheese through 
processes such as pasteurization, coagulation, filtration, centrifugation, chilling, etc. [11]. 
Depending on the procedure used to precipitate the casein, two types of whey are formed, 
the acid whey (pH < 5) is obtained after fermentation or addition of organic or mineral acids, 
whereas the sweet whey (pH 6–7) is obtained by addition of proteolytic enzymes like chymo-
sin [12]. The production of GOs from milk whey using a two-dimensional packed bed bioreac-
tor yielded 97% [13], while a yield of 29.9% of GOs with a concentration of (119.8 mg/mL) was 
achieved using cheese whey as substrate in a 4 h process [14]. When whey permeate was used 
as substrate in a membrane reactor system, a mixture of GOs with 77–78% of purity was pro-
duced [15]. A high lactose conversion was achieved (70–80%), when using whey as a substrate 
in the production of GOs, yielding 10–20% of total sugars and producing oligomers with DP3, 
DP4, and DP5 [16]. The GOs production from whey permeate yielded 50% corresponding to 
322 g prebiotics/kg whey permeate, presenting tagatose and lactulose in the oligosaccharides 
mixture [17]. Galacto-oligosaccharides were synthesized by enzymatic transgalactosylation in 
UF-skimmed milk permeate fortified with lactose (40% w/w). The GOs yields, expressed as 
a percentage of the initial lactose content, were 41, 21, 13, and 11% with β-galactosidase from 
Bacillus circulans, A. oryzae, Aspergillus aculeatus, and Kluyveromyces lactis, respectively, under 
optimal conditions [18].
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2.2. β-fructofuranosidases
The β-D-fructofuranosidases catalyze the hydrolysis of β-D-fructofuranoside residues at 
the nonreducing end of β-D-fructofuranosides [19]. Fructooligosaccharides (FOs) can be 
produced by transfructosylation of sucrose by β-fructofuranosidases, which is carried out 
through the breaking of the β(2-1) glycosidic bond and the transfer of the fructosyl moiety 
onto any acceptor other than water, such as sucrose or a FO. The sucrose is used as substrate 
acting as the glycosyl donor and as the glycosyl acceptor in competition with water (hydroly-
sis) in a glycosyl transfer reaction [20]. Besides the strong prebiotic factor, many bioactivities 
have been associated with FOs as anti-inflammatory effect on Crohn’s disease and ulcerative 
colitis, antimicrobial activity against gut flora pathogens, and prevention of colon cancer [21].
A β-fructofuranosidase from Penicillium oxalicum was able to produce neokestose from a 500 
g/L sucrose solution, giving 94.2 and 224.7 g/L of neokestose and total FOs, respectively [22]. 
An invertase produced by Aspergillus niger using salt-deoiled cake as substrate was able to 
form kestose during enzymatic hydrolysis using glucose (50%) [23]. Penicillium sizovae and 
Cladosporium cladosporioides were used to produce FOs from a 600 g/L of sucrose solution with 
maximum yield of 184 and 339 g/L, respectively [24]. The filamentous fungus Gliocladium 
virens was able to produce 6-kestose with a yield of 3in media containing 150 g/L sucrose after 
4–5 days of culture [25]. An extracellular β-fructofuranosidase from Rhodotorula  dairenensis 
produced a varied type of FOs containing β(2→1)- and β(2→6)-linked fructose oligomers 
with a maximum concentration of 87.9 g/L (75% sucrose conversion) [26]. A fructosyltransfer-
ase from Aureobasidium pullulans presented maximum transfructosylation rate at 600 g/L [27].
2.3. Cyclomaltodextrin glucanotransferase
Cyclomaltodextrin glucanotranferase (CGTase, EC 2.4.1.19) catalyze the cyclization of oli-
gosaccharides composed of D-glucose monomers joined by α(1-4) glycosidic linkages. This 
enzyme catalyzes mainly transglycosylation reactions leading to the formation of nonreducing 
cyclic oligosaccharides, named cyclodextrins. The main types are α-, β-, and γ-cyclodextrins 
consisting of six, seven, and eight glucose monomers in cycles, respectively. The majority of 
the CGTases usually produce a mixture of α-, β-, and γ-cyclodextrins, and the product ratio 
can vary depending on condition and reaction time [28].
The CGTase can produce cyclodextrins from starch, amylose, and other polysaccharides by 
catalyzing different transglycosylation steps: intermolecular coupling and disproportionation 
and modification of the length of noncyclic dextrins [29]. Between main microbial sources of 
CGTases, the Bacillus, Geobacillus, and Paenibacillus species are highlighted. The optimum tem-
perature and pH for this enzyme range from 4 to 10.3°C and 10 to 85°C, respectively, whereas 
the molecular weight ranges from 33 to 200 kDa.
The products of the CGTases α, β, and γ-cyclodextrins are not completely digested in the 
gastrointestinal tract, rising to the colon where they are fermented by the intestinal micro-
flora and for this reason are considered prebiotics. The microbial degradation results in  linear 
malto-oligosaccharides, which are further hydrolyzed and fermented to absorbable and 
metabolize short-chain fatty acids. Several studies showed that CDs reduce the digestion of 
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starch and the glycemic index of food. Other bioactivities include hypocholesterolemic and 
antithrombotic activity [30].
The most frequently used raw material for CDs production is starch. The product inhibi-
tion effect of cyclodextrins on CGTases, make the complete conversion of starch a challenge. 
Strategies to decrease this effect involve the continual removal of CDs by filtration or the 
precipitation using agents that forms a specific insoluble complex with CDs. Filtration devices 
can be coupled to the production systems, hollow fiber and [31]. Table 1 shows the yields or 
concentration of CDs obtained through the action of microbial CGTase on different substrates.
Enzyme source Substrate Conditions Yield (%) Concentration 
(g/L)
Reference
α-cyclodextrin
 B. circulans STB01 5% maltodextrin 9 h; 50°C 25 4.3 [32]
 B. lehensis Cassava starch 55°C; 35 h – 0.32 [33]
 P. macerans 5% soluble starch 10 h; 45°C; pH 5.5 – 10.3 [34]
 T. thermosulfurigenes 10% paselli SA2 0.1 U/mL; pH5.9; 60°C;8 h 33 13.0* [35]
β-cyclodextrin
 B. lehensis Cassava starch 55°C; 35 h – 6.33 [33]
 Bacillus sp. C26 Starch 26.5 10.6 [36]
 B. firmus strain 37 5% starch 24 h – 15.3 [37]
 B. firmus strain 37 10% maltodextrin 24 h – 21.6 [37]
 Bacillus sp. C26 4% starch 72 h; 50 – 8.2 [38]
 B. circulans STB01 5% maltodextrin 9 h; 50°C 58 10.1 [32]
 B. firmus strain 37 5% corn starch 3 days; 60°C – 15.0 [39]
 B. firmus strain 37 5% maltodextrin 3 days; 60°C – 10.1 [39]
 Bacillus sp. 10% dextrin 90 min; 50°C; pH 8 – 6.0 [40]
 Thermoanaerobacter sp. 4% soluble starch 30 s; 60°C; pH 6 7.9 1.3 [41]
 A. gottschalkii 10% starch 24 h; 40°C; pH 8 45 [42]
 B. macerans Soluble starch 24 4.7 [43]
 P. macerans 5% soluble starch 10 h; 45°C; pH 5.5 – 4.1 [34]
 T. thermosulfurigenes 10% paselli SA2 0.1 U/mL; pH 5.9; 60°C; 8 h 54 20.0* [35]
γ-cyclodextrin
 B. lehensis Cassava starch 55°C; 35 h – 1.02 [33]
 B. cereus 5% starch 1 h; 20% CGTase 81.9 1.6 [44]
 B. circulans STB01 5% maltodextrin 9 h; 50°C 17 3.0 [32]
 Bacillus sp. 10% dextrin 90 min; 50°C; pH 8 – 1.5 [40]
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Bacillus sp. species are the main microbial source of CGTase, in some cases thermophiles 
are used to obtain enzymes with unusual characteristics. Most of studies are focused on 
the β-cyclodextrin or mixture production and higher concentrations are usually obtained 
for β-and γ-cyclodextrins. The substrate is usually corn starch, although tapioca, cassava, 
Table 1. Production of cyclodextrins by microbial CGTases.
Enzyme source Substrate Conditions Yield (%) Concentration 
(g/L)
Reference
 B. clarkii 7364 Potato starch 10 h; 50°C; pH 7 72.5 [45]
 P. macerans 5% soluble starch 10 h; 45°C; pH 5.5 – 1.8 [34]
 B. clarkii 7364 15% soluble starch 55°C; pH 12 47 [46]
 T. thermosulfurigenes 10% paselli SA2 0.1 U/mL; pH 5.9; 60°C; 8 h 13 5.0* [35]
Mixture (α, β, and γ)
 B. macerans Glucans 24 h; 40°C 21.1 15.1 [47]
 P. macerans 5% soluble starch 22 h 36.9 [34]
 B. circulans DF 9R 5% cassava starch 4 h; 56°C 55.6 99.5a [48]
 Toruzyme 3.0 l Tapioca starch 4 h; 60°C 85 23.0 [49]
 T. fusca 15% potato starch 24 h; 30°C; pH 5.6 84 [50]
 B. cereus 6% sago starch 8 h; 55°C – 13.7 [51]
 Toruzyme 3.0 l 8% tapioca starch 2 h; 70°C;pH 5 – 12.1 [52]
 Toruzyme 3.0 l 8% tapioca starch 3 h; 60°C 25 40.0 [49]
 B. megaterium 50 g/L corn starch pH 7; 45°C; 12 h; 2 U/g CGTase 30 –
 B. macerans 30% potato starch pH 5.5–8.5; 40–55°C; 
120 h;1000 U/g CGTase
30–35 – [53]
 B. macerans 7.5% corn starch 48 U/g CGTase; pH 6; 60°C;  
24 h
25 – [54]
 B. circulans 251 10% potato starch pH 6; 50°C; 45–50 h 40 – [55]
 Bacillus sp. 277 10% potato starch 400 U/g CGTase; pH 8; 60°C; 
12 h
34 – [56]
 B. clausii E16 1% soluble starch 10 U/g; pH 5.5; 55°C; 24 h 80 – [28]
 B. macerans 10% tapioca starch 0.4 mmol cyclodecanone; pH 7; 
25°C; 5–10 days
91–93 – [57]
 Mutant CGTase H43T 1% tapioca starch 1% toluene; pH 6; 60°C; 18 h 15.2 – [58]
 K. pneumoneae 12.5% wheat starch 20 U/g CGTase; 2% butanol; 
pH 7.5; 40°C; 6 h
42.5 – [59]
 Thermoanaerobacter sp. 5% soluble starch 60°C; pH 6 29 74.0 [60]
 B. stearothermophilus 5% soluble starch 500U/g; 65°C; pH 6; 24 h 22 – [61]
 E. coli NV601 5% soluble starch 60°C; pH 6 30 75.0 [60]
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wheat, and potato starches are also observed. The conditions for cyclodextrin production are 
usually 40–60°C, pH 6–7, and aqueous media, however, depending on the microbial source 
of the CGTase some unusual condition may be observed, as 25°C or pH 12. In some cases, 
the organic media is used to decrease the inhibition of the CD. The highest productivity is 
reported to the production of a mixture by a recombinant CGTase of Thermoanaerobacter using 
soluble starch that yielded 75 g/L.
2.4. Alpha-glucan acting enzymes
Alpha-glucans are polysaccharides consisting of glucose units connected by α(1-4) or α(1-6) 
glycosidic linkages. Pullulan, a glucan produced by the fungus A. pullulans of α(1-4) linked 
maltotriose repeats connected by α(1-6) linkages, amylopectin, formed by shorter α(1-4) 
glucan chains connected by α(1-6) branch points, and dextran are some examples of alpha- 
glucans [62].
Enzymes that act as hydrolyzing or debranching alpha-glucans are suitable for nondigest-
ible oligosaccharides production. Pullulanase, dextransucrase, and starch acting enzymes 
can be used in the preparation of maltooligosaccharides and isomalto-oligosaccharides. 
Maltooligosaccharides contain α-D-glucose residues linked by α(1-4) glycosidic linkages, 
while isomaltooligosaccharides (IMOs) contain two to five glucose units with one or more 
α(1-6) linkages. While MO may exhibit immunoregulatory activity [63], the intake of IMO 
decreases serum cholesterol concentrations and improve bowel movement, stool output, and 
microbial fermentation in the colon [64]. IMOs also upregulate the Th1 response that play a 
triggering role in allergic diseases, such as rhinitis, asthma, and eczema [65].
Dextransucrases (EC 2.4.1.5) catalyze the synthesis of high molecular weight D-glucose 
 polymers from sucrose to form a glucan called dextran. The synthesis of dextran occurs by 
successive transfer of glucosyl units to the polymer, while the presence of acceptor molecules 
in the reaction medium, the transfer of glucosyl units is made onto these molecules, leading 
to oligosaccharide synthesis. They can also transfer glucosyl units onto water molecules and 
simply hydrolyze sucrose [66]. Leuconostoc citreum KACC 91035 produced  panose (8.63 mM), 
isomaltosyl maltose (6.56 mM), and isomaltotriosyl maltose (1.74 mM) after 12 days (10°C), 
using glucose (29 mM) as donor and maltose (28 mM) as acceptor through the transglycosyl-
ation activity of the dextransucrase [67]. An endodextranase D8144 from Penicillium sp. immo-
bilized on epoxy produced IMOs (DPs 8–10) from dextran T40 in an enzymatic reactor [68]. 
A productivity of 42.95 mmol/L.h was obtained using 100 mmol/L of sucrose and 200 mmol/L 
of maltose, using dextransucrase (1 U/mL) from Leuconostoc mesenteroides NRRL B-512F [69]. 
A productivity of 7.26 mmol/L.h of IMOs was obtained a using an immobilized mixture of 
dextransucrase and dextranase [70], while a purified dextransucrase yielded 35 mmol/L.h of 
panose [71]. A productivity of 55.6 mmol/L of oligosaccharides was obtained by fermenta-
tion with L. mesenteroides B-742 [72]. Higher yields (70–90%) of IMOs were obtained from 
maltose/sucrose solutions using dextransucrase of L. mesenteroides B-512F [73]. Isomalto-
oligosaccharides of controlled molecular weight were produced using an L.  mesenteroides 
NRRL B-512F dextransucrase with a yield of 58% by the acceptor reaction with glucose, and 
reached a degree of polymerization of at least 27 glucosyl units [74]. The use of dextransucrase 
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associated with dextranase in the production of IMOs lead to oligosaccharide mixtures con-
taining mainly sugars (up to 36%) with DP varying between 10 and 60 together lower and 
higher molecular weight sugars [75].
Alpha-amylase (EC 3.2.1.1) also can be used to obtain maltooligosaccharides. This enzyme 
hydrolyses the internal α(1,4) linkages in starch in a random fashion, leading to the forma-
tion of soluble maltooligosaccharides, maltose, and glucose. A protein engineering approach 
of the amylase from Bacillus lehensis G1-produced mutated proteins with an increase in the 
transglycosylation to hydrolysis ratio of up to 4.0-fold and reduction in the concentration of 
maltotriose required for use as a donor/acceptor for transglycosylation. A reduction of  steric 
interference and hydrolysis suppression introduced a synergistic effect to produce MOs with 
a higher degree of polymerization [76]. Amylases from Streptomyces sp. were able to produce 
mainly maltotriose (55–75%) from soluble starch at 20–30°C pH 6.5 [77]. The Bacillus  subtilis 
strain SDP1 amylase hydrolyses starch to produce maltotriose and maltotetraose along with 
maltose after prolonged reactions of 5 h [78]. A recombinant alpha-amylase (145 mg/mL) 
from Streptomyces avermitilis was able to yield maltose (4.49) and maltotriose (1.77 g/L) from 
10.0 g/L of soluble starch [79]. An amylase from Bacillus megaterium produced a maltool-
igomer mixture with high proportion of maltopentaose (G5) and maltotriose (G3) during 
hydrolysis of starch, amylopectin, and amylose [80]. Malto-oligosaccharide production by 
commercial α-amylase (liquefying amylase 6 T) using freeze-thaw infusion resulted in a max-
imum production of 6.5 g/L after 60 min at 1.0% (w/v) enzyme [81]. A productivity of 8.9 g/L 
of maltopentaose was achieved using a Bacillus sp. AIR-5 amylase and a 40 g/L solution of 
soluble starch [82]. A S. solfataricus KM1 amylase was able to give an 80% yield of trealose 
from a 10% amylose solution [83].
Pullulanase (EC 3.2.1.41), a debranching enzyme, hydrolyses the α(1-6) linkage in pullulan 
and branched polysaccharides, producing maltotriose. An amylopullulanase from the hyper-
thermophilic archaeon Caldivirga maquilingensis was able to act on a wide range of substrates. 
Assays with the enzyme produced linear MOs (≤G8–G1) from cyclodextrins, amylodextrins 
(DP6-96) from amylose, and amylodextrins (DP1-76) from amylopectin and potato starch [84]. 
A one-step method using neopullulanase and α-amylase for the bioconversion of purified rice 
starch slurry (30% w/w) resulted in a syrup containing 59.2% of IMO (dry basis) after 72 h of 
bioconversion (Lin et al. 2011).
Alpha-glucosidase (EC 3.2.1.20), an exo-acting hydrolase, attacks the substrates from the non-
reducing end producing α-D-glucose and presents some transglycosylation activity that can 
be used in the production of oligosaccharides [85]. Liquefied banana slurries were used for 
IMO synthesis by Transglucosidase L, producing after 12 h of transglucosylation, a yield of 
76.6% with a concentration of 70.74 g/L. The IMOs mixture was composed of 53 isomaltot-
riose, 21 isomaltotetraose, and 26% maltooligoheptaose and larger oligomers [86]. A yield 
of 58.1% with a concentration of 93 g/L was obtained for IMOs production from a immobi-
lized glucosidase using as substrate a maltose solution (160 mg/mL) in a membrane reactor 
system [87]. Partially purified a-glucosidase from Aspergillus carbonarious, immobilized on 
glutaraldehyde-activated chitosan beads in a packed bed reactor, produced isomaltooligo-
saccharides at a yield of 60% (w/w) using 30% (w/v) maltose solution. Using intact mycelia 
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attached with polyethyleneimine-glutaraldehyde, a yield of 46% (w/w) was obtained using 
30% (w/v) maltose solution [88]. A high yield of IMOs (67%) with concentration of 2 g/L was 
obtained when 30% (w/v) of soluble tapioca starch was incubated with amylomaltase (120 U) 
for 0.5 h (pH 7.0; 40°C). While a yield of 53% and concentration of 1.63 g/L was obtained 
using transglucosidase (6 U) in the same condition for 1 h [89]. When amylomaltase (1.5 U) 
and transglucosidase (8 U) of were incubated with 20% (w/v) maltotriose for 30 min at 40°C, 
9.9 mg/mL of IMOs were produced to with DP 2–7 [90].
3. Productions of NDOs through polysaccharide hydrolysis
3.1. Inulinase
Fructooligosaccharides can be produced by the controlled hydrolysis of fructans. Fructans 
are fructose-based polysaccharides, representing the major reserve carbohydrates in about 
15% of flowering plant species [91]. According to differences in glycosidic linkages they 
can be classified in many types, being linear inulin the most studied and best-characterized 
fructan. Inulin consists of β(2-1)-linked fructose units terminating at the reducing end with 
a glucose residue attached through a sucrose-type linkage [92]. Inulinases can hydrolyze 
the β(2-1) linkages in inulin and can present endo- or exo-activity. Exo-acting inulinases 
(EC 3.2.1.80) produce fructose as the main end product, whereas endoinulinases (EC 3.2.1.7) 
act randomly and hydrolyze internal linkages of inulin to yield FOs and minor amounts of 
monosaccharides [93].
The highest yield (92%) for the conversion of chicory inulin (50 g/L) in to FOs was reported by 
the application of a dual system of Xanthomonas sp. and Pseudomonas sp. endoinulinases [94]. 
On another approach, an endoinulinase from Xanthomonas sp. yielded 86% of FOs from dahlia 
tubers inulin (10 g/L) after 10 h [95]. A production of 78% and 79% of FOs was achieved from 
a solution (100 g/L) of chicory inulin and chicory juice, respectively [96]. An endoinulinase 
produced by Streptomyces rochei E87 yielded 70% of FOs after 3 days of incubation with inulin 
producing mainly inulotriose [97]. A maximum yield of 75.6% in total of FOs was obtained by 
hydrolysis of a solution containing 50 g/L of inulin by Pseudomonas sp. inulinase, producing 
a mixture of oligosaccharides with DP2-7 [98]. A commercial inulinase preparation yielded 
96% of FOs from dahlia tubers inulin (pH 6.0; 100 g/L). The product presented FOs with DP 
ranging from 1 to 6 but the major products were DP3 (23%) and DP4 (24%) [99].
The production of FOs by a inulinase from A. niger immobilized in montmorillonite lead to 
a yield of 18.32% on aqueous media and 16.03% in organic media [100], while high yields of 
DP3 (70.3 mM), DP4 (38.8 mM), and DP5 (3.5 mM) FOs were obtained through the  enzymatic 
hydrolysis of inulin (150 mg/ml; 60°C; pH 6.0; 48 h) by other A. niger inulinase (60 U/mL) 
[101]. When a commercial endoinulinase preparation (Novozym®960) from A. niger was 
used in the production of FOs from inulin (60°C; pH 6.0), a productivity of F3 (70.3mM), F4 
(38.8mM), and F5 (12.43 mM) was achieved [102]. Inulinases from K. marxianus NRRL Y 7571 
produced DP2 (11.89%) and DP3 (20.83%) oligomers using inulin (20%) as substrate at 24 h 
at 50°C [103]. A maximum FOs production of 11.9 g/L.h and specific productivity of 72 g/g.h 
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were observed when a mutant X. campestris pv. phaseoli grown in a 5 L fermenter containing 
3%inulin and 2.5% tryptone [104]. A continuous production of FOs from inulin was carried 
in a bioreactor packed with immobilized cells of Escherichia. coli expressing a Pseudomonas sp. 
endoinulinase. Under the optimal operation conditions, continuous production of FOs was 
achieved by 150 g/L.h (17 days; 50°C) [105]. Continuous production of FOs from chicory juice 
(100 g/L) was carried out using the polystyrene-bound endoinulinase in an enzymatic reac-
tor achieving an oligosaccharide yield of 82% [106]. Aspergillus ficuum endoinulinase (10 U/g) 
yielded 50% of FOs from Jerusalem artichoke inulin (50 g/L; 45°C; pH 6.0) after 72 h. With 
Jerusalem artichoke the yield reached 89% and the maximum IOS production was up to 80% 
after 72 h [107].
3.2. Xylanases
Xylan is also a heteropolysaccharide with a backbone formed by xylose homopolymer sub-
units linked through β(1-4) linkages. This polymer can be found in the hemicellulose frac-
tion of lignocellulosic materials associated with lignin and cellulose. Through the hydrolysis 
of xylan with xylanases, xylooligosaccharides (XOs) can be produced. The intake of XOs is 
associated with many health benefits as improvement of bowel function, immunomodula-
tory, and anti-inflammatory activities, preventive effects on cancer and inhibitory effects on 
carcinogenesis, antimicrobial, antiallergic, and antioxidant activities [108].
The xylanase (β-1,4-d xylan xylanohydrolase, EC 3.2.1.8) is the main enzyme applied for xylan 
hydrolysis and XOs production, due its action on the main chain of xylan and release of 
 oligosaccharides. Before the enzymatic hydrolysis of xylan, the hemicellulosic materials can 
be submitted to a pretreatment to enhance the xylan availability. Many types of pretreat-
ments that can be performed, one approach uses NaOH or H2SO4 solutions associate with 
high temperatures to disrupt the hemicellulose structure. Between the substrates used for 
XOs production agroresidues and food by-products are highlighted due to their high con-
tends of hemicellulose [109].
Hydrolysis of alkali pretreated corncob powder using a commercial endoxylanase produced 
81 ± 1.5% of XOs in the hydrolysate equivalent to 5.8 ± 0.14 mg/mL of XOs. Reaction param-
eters for the production of XOs from corncob using endoxylanase from A. oryzae MTCC 
5154 were optimized and an XOs yield of 10.2 ± 0.14 mg/mL corresponding to 81 ± 3.9% 
with 73.5% xylobiose [110]. The optimization of the XOs production from corncob using 
the thermostable endoxylanase from Streptomyces thermovulgaris TISTR1948, showed that for 
an enzyme concentration of 129.43 U/g of substrate, 53.80°C, and pH 6.17, the yield of XOs 
reached 162.97 mg/g of substrate or 752.15 mg/g of hemicellulose in KOH-pretreated corn-
cob [111]. When corncob was hydrolyzed with a xylanase from Aspergillus foetidus MTCC 
4898 a yield of 6.73 ± 0.23 mg/mL was obtained after 8 h of reaction time using 20 U of xyla-
nase at 45°C [112]. A commercial xylanase produced 1.208 mg/mL of xylobiose and 0.715 
mg/mL of xylotriose, using 5.83 U for 16.59 h of incubation (pH 5.91; 40.8°C) [113]. Steam-
exploded liquor of corncobs was treated using a thermostable xylanase from Paecilomyces 
themophila J18 resulting in a XOs yield of 28.6 g/100 g xylan [114]. After a pretreatment with 
H2SO4 (60°C; 12 h), the corncob was hydrolyzed by xylanase, yielding 67.7% of XOs with 
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70% of purity [115]. Three commercial xylanase preparations (Rapidase Pomaliq, Clarex ML, 
and Validase) were evaluated for the enzymatic production of pentoses from the hemicel-
lulose fraction of corn husks and corn cobs. Rapidase Pomaliq produced 104.1 g of XOs for 
each kg of corn husks or 133 g of XOs for each kg of corn cobs (480 min of reaction at pH 5.0 
and 50°C) [116].
The application of agroresidues as a source of xylan for XOs production is a strategy that 
has been produced excellent results. The xylan obtained by alkali extraction from cotton 
stalk, was hydrolyzed using a commercial xylanase preparation produced XOs in the DP 
range of 2–7 (X6 ≈ X5 > X2 > X3) and also minor quantities of xylose, yielding 53% (40°C; 
24 h) [117]. Tobacco stalks were hydrolyzed by xylanase producing a XOs yield of 8.2%after 
8 h and 11.4% after 24 h reaction period [118]. Another process yielded 7.28 and 4.52 g/L 
of XOs from wheat straw and rice straw xylan, respectively, after hydrolysis with a from 
A. foetidus MTCC 4898 [119]. Using xylanases from two glycoside hydrolase families, yields 
of 60% and 40% were obtained for rye bran arabinoxylan hydrolysis by GH10 and GH11, 
respectively [120]. Wheat straw xylan was hydrolyzed using a variant of the alkali-tolerant 
Bacillus halodurans S7 endoxylanase A, resulting in 36% conversion of the xylan to predomi-
nantly xylobiose [121]. The XOs produced from garlic straw hemicelluloses hydrolyzed with 
xylanase secreted by B. mojavensis were composed of xylobiose, xylotriose, and xylotetrose, 
together with a small amount of xylopentaose and xylohexose yielding 29 ± 1.74% after 8 h 
[122]. Xylan extracted of Mikania micrantha was hydrolyzed by a recombinant Paenibacillus 
xylanase, yielding 68% of XOs [123]. Oil palm empty fruit bunch fiber was hydrolyzed by 
Aspergillus terreus xylanase with a maximum 262 mg of xylobiose was produced from 1.0 g 
of pretreated fiber [124]. Several crop by-products were subjected to an enzymatic treatment 
to obtain a XOs through the action of a Buzyme 2511 (R). The hydrolysis lead to a concen-
tration of 5.3 (apple pomace), 1.3 (white poplar), 2.9 (giant cane), and 6.5 g/L (grape stalk) 
[125]. The enzymatic hydrolysis of hard shell almond yielded 34.0% of XOs with 70% of 
purity [126]. A process for producing XOs from Sehima nervosum grass through enzymatic 
hydrolysis yielded 11 g/100 g xylan of xylobiose [127]. The treatment of wheat bran with 
the commercial xylanase preparation enzymes, produced a yield of approximately 31.2% 
of XOs, with a purity of 95% (w/w) and degree of polymerization of 2–7 [128]. Viscose fiber 
mills were used as substrate in the production of XOs yielding 68.9% after enzymatic hydro-
lysis [129].
When sugarcane bagasse was hydrolyzed with a crude xylanase secreted by Pichia stipites, 
XOS accumulated with a maximum yield of 31.8% of the total xylan was achieved at 12 h, 
which contained 29.8% xylobiose, 47.1% xylotriose, and 18.4% xylotetraose [130]. The hydro-
lysis of sugarcane bagasse with a B. subtilis xylanase produced xylotriose (X3), xylotetraose 
(X4), and xylopentaose (X5) and also is less amounts xylooligomers (X11). The process yielded 
was 113 and 119 mg/g sugarcane bagasse for 7 and 8 h, respectively [131]. In another approach 
using sugarcane bagasse treated with hydrogen peroxide, the enzymatic hydrolysis by crude 
extracts from Thermoascus aurantiacus produced a maximum yield of 37.1 with 2.6% of sub-
strate and xylanase load of 60 U/g [132]. A productivity of 2.36, 2.76, 2.03, and 2.17 mg/mL 
of X2, X3, X4, and X5, respectively, was obtained after hydrolysis of sugarcane bagasse by 
Streptomyces rameus L2001 xylanase [133]. A maximum yield of 5.96% was obtained for the 
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conversion of sugarcane bagasse being xylobiose and xylotriose the main products [134]). 
The enzymatic hydrolysis of Camellia oleifera shell pretreated with NaOH produced 1.76 g/L 
of xylooligosaccharides (DP 2–6) [135].
3.3. Pectinases
Pectins are components of the cell walls of most higher plants, this heteropolysaccharide is 
characterized by a high content of galacturonic acid (GalA) monomers bonded together by 
α(1-4) linkages, showing acetylatilation or esterification with methyl groups. They are com-
posed of homogalacturonans, xylogalacturonanes, rhamnogalacturonans, arabinans galac-
tans, and arabinogalactans. Depending on how these polysaccharides are associated, pectin 
can be classified as homogalacturonan and rhamnogalacturonans I and II [136].
Studies using piglets showed that POs can modulate the grown of microbial communities in 
the ileum increasing, for example, the Lactobacillus counts [137, 138]. POs were also able to 
interfere with the toxicity of Shiga-like toxins from E. coli O157:H7, which play a key hole in 
diarrhea and hemorrhagic colitis, hemolytic uremic syndrome (HUS), and thrombotic throm-
bocytopenic purpura [139].
Enzymes that act on pectins with a hydrolyzing or debranching activity have the potential 
to produce nondigestible oligosaccharides. The pectinolytic enzymes can be divided into: 
pectinesterases, pectin-methylesterases, and depolymerases being this last one more suit-
able for POs production. Endopolygalacturonases are depolymerases produced by various 
microorganisms such as bacteria, yeasts, and molds. They are also found in some plants and 
especially in fruits. In general, they release mono-, di-, and tri-galacturonic acid by a mul-
tiple attack mechanism single chain. Rhamnogalacturonases produce linear oligomeric com-
pounds of alternating rhamnose and galacturonic acid (4–6 residues) with galactose residues 
connected to some or all the rhamnose residues. Galactanases can be divided in to endo-β-1,4-
galactanases and exo-β-1,3-galactanases. The difference between these enzymes lies in their 
ability to hydrolyze the β(1-3), β(1-4), or β(1-6) linkages between the galactose residues [136].
Because of its high pectin content, potato, sugar beet, and apple by-products are often used as 
substrate for POs production. The hydrolysis of sugar beet pectin by combining endopolyga-
lacturonase and pectinmethylesterase produced POs with a DP 1–9, with a maximum yield of 
trigalacturonic acid of 3.7% [140]. POs were obtained by the action of commercial enzymes on 
the potato rhamnogalacturonan, with a yield of 93.9 and 66.2% using Depol 670L and endo-
β-1,4-galactanase, respectively. The hydrolysates yielded up to 50.6% of oligomers with DP of 
13–70. Major oligosaccharides obtained with Depol 670L were DP 5 (26.3%) and DP6 (24.9%), 
whereas the endo-β-1,4-galactanase were DP3 (19.0%), DP5 (10.6%), and DP8 (12.6%) [141]. 
A high yield (93.9%) of POs was achieved using multienzymatic preparation (Depol 670 L) 
to hydrolyze a potato pulp by-product rich in galactan-rich rhamnogalacturonan I. Main 
products were oligosaccharides with DP of 2–12 (79.8–100%), whereas the oligomers with DP 
of 13–70 comprised smaller proportion (0.0–20.2%) [142]. A pool of pectinases was used to 
produce POs with degree of polymerization from 2 to 8 and six different rhamnogalacturo-
nide structures. Total recoveries were 200 (homogalacturonides) and 67 mg/g (rhamnogalact-
uronides) [143]. The use of commercial pectinase preparations (Endopolygalacturonase M2, 
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Pectinase, Viscozyme L, Pectinex Ultra SP-L, Pectinase 62 L, and Macer8 FJ) to produce POs from 
polygalacturonic acid. Best results were obtained with endopolygalacturonase M2 after 2 h of 
reaction, yielding 58, 18, and 13% of DP3 > DP2 > DP1, respectively [144].
In some cases, other food by-products were applied in the production of POs. A initial amount 
of 100 kg of orange peel can yield 7.5 kg of gluco-oligosaccharides, 4.5 kg of galacto-oligosac-
charides, 6.3 kg of arabino-oligosaccharides, and 13 kg of oligogalacturonides [145]. Through 
the action commercial enzymes (EPG-M2, Viscozyme, and Pectinase) on onion skins a yield 
5.6% of pectic oligosaccharides (POS) was obtained [146].
3.4. Chitosanase
Chitin is a polysaccharide formed by N-acetyl-glucosamine monomers, joined by β(1-4) 
linkages and chitosan is the N-deacetylated form of chitin. Chitosanases (EC 3.2.1.132) are 
 glycosyl hydrolases that catalyze the hydrolysis of β(1-4) glycosidic bond in chitosan to pro-
duce glucosamine oligosaccharides [147]. Studies using pigs indicated a modulating effect 
of chito-oligosaccharide (COs) inhibiting growth of harmful bacteria in the gut [67]. Strong 
antibacterial activity was also reported with complete inhibition of E. coli growth with a 0.5% 
solution [148]. They can also inhibit the growth of tumor cells by exerting immunoenhancing 
effect [149] and stimulate the growth of Lactobacillus sp. and B. bifidium KCTC 3440 indicating 
considerable bifidogenic potential [150].
A chitosanase (EC 3.2.1.132) from Aspergillus sp. Y2K showed preference for higher deacet-
ylated chitosan as substrate, producing chitotriose, chitotetraose, and chitopentaose as the 
major products after hydrolysis with a total yield of 115% [151]. The chitosanolytic enzymes 
of Metarhizium anisopliae produced dimers (0.2 g/L), trimers (0.19 g/L), tetramers (0.06 g/L), and 
pentamers (0.04 g/L) from chitosan hydrolysis [147]. The enzymatic hydrolysis of chitosan by 
a chitosanase from Bacillus sp. yielded 60% of COs with 95% of purity [152], whereas Bacillus 
pumilus BN-262 chitosanase yielded above 80% in a UF membrane reactor [148]. Through the 
action of a B. pumilus BN-262 chitosanase, a COs productivity of 20 and 15 g/L was obtained in 
a batch and membrane reactor, respectively [153]. The hydrolysis with B. pumilus chitosanase 
yielded 52% of COs, producing mainly pentameric and hexameric chitosan oligosaccharides 
was steadily produced at 2.3 g/L (46% yield) for a month [154].
4. Concluding remarks
Glycosidases are widely applied in the production of nondigestible oligosaccharides present-
ing easy-handed processes with high efficiency. The application of molecular biology tools to 
produce enzymes with new characteristics has increased the yield and productivity of NDOs. 
The immobilization of the enzymes and application of membrane and batch reactors are also 
highlighted for improvements in the production processes. Nowadays alternative substrates 
have been used frequently in co-products and by-products from food and agroindustry. This 
approach can lead to a decrease in the cost of the process and help in the correct management 
of these residues.
Microbial Glycosidases for Nondigestible Oligosaccharides Production
http://dx.doi.org/10.5772/65935
193
Author details
Thais Bezerra1, Rubens Monti2, Egon B. Hansen3 and Jonas Contiero1,*
*Address all correspondence to: jconti@rc.unesp.br
1 Department of Biochemistry and Microbiology, Institute of Biological Sciences, UNESP-
Universidade Estadual Paulista, Rio Claro, SP, Brazil
2 Faculty of Pharmaceutical Sciences, Department of Food and Nutrition, Sao Paulo State 
University, Araraquara, SP, Brazil
3 National Food Institute, Technical University of Denmark, Søborg, Denmark
References
[1] Manning TS, Gibson GR. Prebiotics. Best Practice & Research Clinical Gastroenterology. 
2004;18(2):287–98.
[2] Tymczyszyn EE, Santos MI, Costa MdC, Illanes A, Gómez-Zavaglia A. History, syn-
thesis, properties, applications and regulatory issues of prebiotic oligosaccharides. In: 
Carbohydrates Applications in Medicine, M. Helena Gil, ed., Kerala, India: Research 
Signpost, Chapter 5, 2014, 127–154.
[3] Shetty K, Paliyath G, Pometto A, Levin RE. Functional foods and biotechnology: London 
CRC Press; 2006.
[4] Barreteau H, Delattre C, Michaud P. Production of oligosaccharides as promising new 
food additive generation. Food Technology and Biotechnology. 2006;44(3):323.
[5] Mussatto SI, Mancilha IM. Non-digestible oligosaccharides: a review. Carbohydrate 
Polymers. 2007;68(3):587–97.
[6] Gosling A, Stevens GW, Barber AR, Kentish SE, Gras SL. Recent advances refining galac-
tooligosaccharide production from lactose. Food Chemistry. 2010;121(2):307–18.
[7] Park A-R, Oh D-K. Galacto-oligosaccharide production using microbial beta-galac-
tosidase: current state and perspectives. Applied Microbiology and Biotechnology. 
2010;85(5):1279–86.
[8] Cavalcante Fai AE, Resende Simiqueli AP, de Andrade CJ, Ghiselli G, Pastore GM. 
Optimized production of biosurfactant from Pseudozyma tsukubaensis using cassava 
wastewater and consecutive production of galactooligosaccharides: an integrated pro-
cess. Biocatalysis and Agricultural Biotechnology. 2015;4(4):535–42.
[9] Carevic M, Corovic M, Mihailovic M, Banjanac K, Milisavljevic A, Velickovic D, et al. 
Galacto-oligosaccharide synthesis using chemically modified beta-galactosidase from 
Enzyme Inhibitors and Activators194
Aspergillus oryzae immobilised onto macroporous amino resin. International Dairy 
Journal. 2016;54:50–7.
[10] Cordova A, Astudillo C, Vera C, Guerrero C, Illanes A. Performance of an ultrafil-
tration membrane bioreactor (UF-MBR) as a processing strategy for the synthesis of 
galacto-oligosaccharides at high substrate concentrations. Journal of Biotechnology. 
2016;223:26–35.
[11] Benavente R, Pessela BC, Antonio Curiel J, de las Rivas B, Munoz R, Manuel Guisan J, 
et al. Improving properties of a novel beta-galactosidase from Lactobacillus plantarum 
by covalent immobilization. Molecules. 2015;20(5):7874–89.
[12] Panesar PS, Kennedy JF, Gandhi DN, Bunko K. Bioutilisation of whey for lactic acid 
production. Food Chemistry. 2007;105(1):1–14.
[13] Sen P, Bhattacharjee C, Bhattacharya P. Experimental studies and two-dimensional 
modelling of a packed bed bioreactor used for production of galacto-oligosaccharides 
from milk whey. Bioprocess and Biosystems Engineering. 2016;39(3):361–80.
[14] Lisboa CR, Martinez LD, Trindade RA, Costa FAD, Burkert JFD, Burkert CAV. Response 
surface methodology applied to the enzymatic synthesis of galacto-oligosaccharides 
from cheese whey. Food Science and Biotechnology. 2012;21(6):1519–24.
[15] Das R, Sen D, Sarkar A, Bhattacharyya S, Bhattacharjee C. A comparative study on the 
production of galacto-oligosaccharide from whey permeate in recycle membrane reac-
tor and in enzymatic batch reactor. Industrial & Engineering Chemistry Research. 
2011;50(2):806–16.
[16] Jovanovic-Malinovska R, Fernandes P, Winkelhausen E, Fonseca L. Galacto-
oligosaccharides synthesis from lactose and whey by beta-galactosidase immobilized in 
PVA. Applied Biochemistry and Biotechnology. 2012;168(5):1197–211.
[17] Padilla B, Frau F, Isabel Ruiz-Matute A, Montilla A, Belloch C, Manzanares P, et al. 
Production of lactulose oligosaccharides by isomerisation of transgalactosylated cheese 
whey permeate obtained by beta-galactosidases from dairy Kluyveromyces. Journal of 
Dairy Research. 2015;82(3):356–64.
[18] Frenzel M, Zerge K, Clawin-Raedecker I, Lorenzen PC. Comparison of the galacto-oli-
gosaccharide forming activity of different beta-galactosidases. Lwt-Food Science and 
Technology. 2015;60(2):1068–71.
[19] Alvaro-Benito M, de Abreu M, Fernandez-Arrojo L, Plou FJ, Jimenez-Barbero J, 
Ballesteros A, et al. Characterization of a beta-fructofuranosidase from Schwanniomyces 
occidentalis with transfructosylating activity yielding the prebiotic 6-kestose. Journal of 
Biotechnology. 2007;132(1):75–81.
[20] Yun JW. Fructooligosaccharides: occurrence, preparation, and application. Enzyme and 
Microbial Technology. 1996;19(2):107–17.
Microbial Glycosidases for Nondigestible Oligosaccharides Production
http://dx.doi.org/10.5772/65935
195
[21] Rastall RA. Functional oligosaccharides: application and manufacture. Annual Review 
of Food Science and Technology. 2010;1:305–39.
[22] Xu QS, Zheng XQ, Huang MP, Wu M, Yan YS, Pan JM, et al. Purification and biochemical 
characterization of a novel beta-fructofuranosidase from Penicillium oxalicum with trans-
fructosylating activity producing neokestose. Process Biochemistry. 2015;50(8):1237–46.
[23] Singh S, Gupta N, Kaur J, Gupta A. Valorization of sal deoiled cake as media for acidic 
amylase and invertase co-production by aspergillus niger nj-1: optimization by response 
surface methodology and application in oligosaccharide synthesis. Journal of Food 
Processing and Preservation. 2015;39(6):2548–61.
[24] Zambelli P, Fernandez-Arrojo L, Romano D, Santos-Moriano P, Gimeno-Perez M, 
Poveda A, et al. Production of fructooligosaccharides by mycelium-bound transfruc-
tosylation activity present in Cladosporium cladosporioides and Penicillium sizovae. 
Process Biochemistry. 2014;49(12):2174–80.
[25] Fialho MB, Simoes K, Barros CD, Pessoni RAB, Braga MR, Figueiredo-Ribeiro RDL. 
Production of 6-kestose by the filamentous fungus Gliocladium virens as affected by 
sucrose concentration. Mycoscience. 2013;54(3):198–205.
[26] Gutierrez-Alonso P, Fernandez-Arrojo L, Plou FJ, Fernandez-Lobato M. Biochemical 
characterization of a beta-fructofuranosidase from Rhodotorula dairenensis with trans-
fructosylating activity. Fems Yeast Research. 2009;9(5):768–73.
[27] Antosova M, Illeova V, Vandakova M, Druzkovska A, Polakovic M. Chromatographic 
separation and kinetic properties of fructosyltransferase from Aureobasidium pullulans. 
Journal of Biotechnology. 2008;135(1):58–63.
[28] Alves-Prado HF, Carneiro AAJ, Pavezzi FC, Gomes E, Boscolo M, Franco CML, et al. 
Production of cyclodextrins by CGTase from Bacillus clausii using different starches as 
substrates. Applied Biochemistry and Biotechnology. 2008;146(1–3):3–13.
[29] Biwer A, Antranikian G, Heinzle E. Enzymatic production of cyclodextrins. Applied 
Microbiology and Biotechnology. 2002;59(6):609–17.
[30] Fenyvesi E, Vikmon M, Szente L. Cyclodextrins in food technology and human 
nutrition: benefits and limitations. Critical Reviews in Food Science and Nutrition. 
2016;56(12):1981–2004.
[31] Zhekova B, Dobrev G, Stanchev V, Pishtiyski I. Approaches for yield increase of beta-
cyclodextrin formed by cyclodextrin glucanotransferase from Bacillus megaterium. 
World Journal of Microbiology & Biotechnology. 2009;25(6):1043–9.
[32] Li ZF, Ban XF, Gu ZB, Li CM, Huang M, Hong Y, et al. Mutations enhance beta- cyclodextrin 
specificity of cyclodextrin glycosyltransferase from Bacillus circulans. Carbohydrate 
Polymers. 2014;108:112–7.
[33] Blanco KC, Moraes FFd, Bernardi NS, Vettori B, Palmuti MH, Monti R, et al. Cyclodextrin 
production by Bacillus lehensis isolated from cassava starch: characterisation of a novel 
enzyme. Czech Journal of Food Sciences. 2014;32:48–53.
Enzyme Inhibitors and Activators196
[34] Wang L, Duan XG, Wu J. Enhancing the alpha-cyclodextrin specificity of cyclodextrin 
glycosyltransferase from Paenibacillus macerans by mutagenesis masking subsite-7. 
Applied and Environmental Microbiology. 2016;82(8):2247–55.
[35] Wind RD, Liebl W, Buitelaar RM, Penninga D, Spreinat A, Dijkhuizen L, et al. 
Cyclodextrin formation by the thermostable alpha-amylase of thermoanaerobacterium 
thermosulfurigenes em1 and reclassification of the enzyme as a cyclodextrin glycosyl-
transferase. Applied and Environmental Microbiology. 1995;61(4):1257–65.
[36] Rakmai J, Cheirsilp B. Continuous production of beta-cyclodextrin by cyclodextrin glyco-
syltransferase immobilized in mixed gel beads: comparative study in continuous stirred 
tank reactor and packed bed reactor. Biochemical Engineering Journal. 2016;105:107–13.
[37] Fenelon VC, Aguiar MFA, Miyoshi JH, Martinez CO, Matioli G. Ultrafiltration system 
for cyclodextrin production in repetitive batches by CGTase from Bacillus firmus strain 
37. Bioprocess and Biosystems Engineering. 2015;38(7):1291–301.
[38] Rakmai J, Cheirsilp B, Prasertsan P. Enhanced thermal stability of cyclodextrin glycosyl-
transferase in alginate-gelatin mixed gel beads and the application for beta-cyclodextrin 
production. Biocatalysis and Agricultural Biotechnology. 2015;4(4):717–26.
[39] Moriwaki C, Mangolim CS, Ruiz GB, de Morais GR, Baesso ML, Matioli G. Biosynthesis 
of CGTase by immobilized alkalophilic bacilli and crystallization of beta-cydodextrin: 
effective techniques to investigate cell immobilization and the production of cyclodex-
trins. Biochemical Engineering Journal. 2014;83:22–32.
[40] De Souza M, de Faria SHB, Zanin GM, Moraes FF. Kinetics of the simultaneous pro-
duction of beta- and gamma-cyclodextrins catalyzed by CGTase from alkalophilic 
Bacillus sp. Acta Scientiarum Technology. 2013;35(4):687–93.
[41] Schoffer JD, Klein MP, Rodrigues RC, Hertz PF. Continuous production of beta-cyclo-
dextrin from starch by highly stable cyclodextrin glycosyltransferase immobilized on 
chitosan. Carbohydrate Polymers. 2013;98(2):1311–6.
[42] Tesfai BT, Wu D, Chen S, Chen J, Wu J. Effect of organic solvents on the yield and speci-
ficity of cyclodextrins by recombinant cyclodextrin glucanotransferase (CGTase) from 
Anaerobranca gottschalkii. Journal of Inclusion Phenomena and Macrocyclic Chemistry. 
2013;77(1–4):147–53.
[43] Son YJ, Rha CS, Park YC, Shin SY, Lee YS, Seo JH. Production of cyclodextrins in ultra-
filtration membrane reactor containing cyclodextrin glycosyltransferase from Bacillus 
macerans. Journal of Microbiology and Biotechnology. 2008;18(4):725–9.
[44] Lin YK, Show PL, Yap YJ, Ariff AB, Annuar MSM, Lai OM, et al. Production of gamma-
cyclodextrin by Bacillus cereus cyclodextrin glycosyltransferase using extractive bio-
conversion in polymer-salt aqueous two-phase system. Journal of Bioscience and 
Bioengineering. 2016;121(6):692–6.
[45] Wang L, Wu D, Chen J, Wu J. Enhanced production of gamma-cyclodextrin by optimiza-
tion of reaction of gamma-cyclodextrin glycosyltransferase as well as synchronous use 
of isoamylase. Food Chemistry. 2013;141(3):3072–6.
Microbial Glycosidases for Nondigestible Oligosaccharides Production
http://dx.doi.org/10.5772/65935
197
[46] Wu D, Chen S, Wang N, Chen J, Wu J. Gamma-cyclodextrin production using cyclo-
dextrin glycosyltransferase from Bacillus clarkii 7364. Applied Biochemistry and 
Biotechnology. 2012;167(7):1954–62.
[47] Koh DW, Park MO, Choi SW, Lee BH, Yoo SH. Efficient biocatalytic production of cyclo-
dextrins by combined action of amylosucrase and cyclodextrin glucanotransferase. 
Journal of Agricultural and Food Chemistry. 2016;64(21):4371–5.
[48] Gaston JAR, Costa H, Ferrarotti SA. Continuous production of cyclodextrins in an ultra-
filtration membrane reactor, catalyzed by cyclodextrin glycosyltransferase from Bacillus 
circulans DF 9R. Biotechnology Progress. 2015;31(3):695–9.
[49] Sakinah AMM, Ismail AF, Illias RM, Zularisam AW, Hassan O, Matsuura T. Effect of 
substrate and enzyme concentration on cyclodextrin production in a hollow fibre mem-
brane reactor system. Separation and Purification Technology. 2014;124:61–7.
[50] Duan XG, Chen S, Chen J, Wu J. Enhancing the cyclodextrin production by synchronous 
utilization of isoamylase and alpha-CGTase. Applied Microbiology and Biotechnology. 
2013;97(8):3467–74.
[51] Ng HS, Ooi CW, Mokhtar MN, Show PL, Ariff A, Tan JS, et al. Extractive bioconversion 
of cyclodextrins by Bacillus cereus cyclodextrin glycosyltransferase in aqueous two-
phase system. Bioresource Technology. 2013;142:723–6.
[52] Sakinah AMM, Ismail AF, Hassan O, Zularisam AW, Illias RM. Influence of starch 
pretreatment on yield of cyclodextrins and performance of ultrafiltration membranes. 
Desalination. 2009;239(1–3):317–33.
[53] Yamamoto K, Zhang ZZ, Kobayashi S. Cycloamylose (cyclodextrin) glucanotransfer-
ase degrades intact granules of potato raw starch. Journal of Agricultural and Food 
Chemistry. 2000;48(3):962–6.
[54] Kim TJ, Kim BC, Lee HS. Production of cyclodextrins using moderately heat-treated 
cornstarch. Enzyme and Microbial Technology. 1995;17(12):1057–61.
[55] van der Veen BA, Uitdehaag JCM, Penninga D, van Alebeek G, Smith LM, Dijkstra 
BW, et al. Rational design of cyclodextrin glycosyltransferase from Bacillus circulans 
strain 251 to increase alpha-cyclodextrin production. Journal of Molecular Biology. 
2000;296(4):1027–38.
[56] Cao XZ, Jin ZY, Wang X, Chen F. A novel cyclodextrin glycosyltransferase from an alka-
lophilic Bacillus species: purification and characterization. Food Research International. 
2005;38(3):309–14.
[57] Rendleman JA. Enhanced production of gamma-cyclodextrin from corn syrup sol-
ids by means of cyclododecanone as selective complexant. Carbohydrate Research. 
1993;247:223–37.
Enzyme Inhibitors and Activators198
[58] Goh KM, Mahadi NM, Hassan O, Rahman R, Illias RM. The effects of reaction conditions on 
the production of gamma-cyclodextrin from tapioca starch by using a novel recombinant 
engineered CGTase. Journal of Molecular Catalysis B-Enzymatic. 2007;49(1–4):118–26.
[59] Gawande B, Patkar A. Alpha-cyclodextrin production using cyclodextrin glycosyltrans-
ferase from Klebsiella pneumoniae AS-22. Starch-Starke. 2001;53(2):75–83.
[60] Jorgensen ST, Tangney M, Starnes RL, Amemiya K, Jorgensen PL. Cloning and 
nucleotide sequence of a thermostable cyclodextrin glycosyltransferase gene from 
Thermoanaerobacter sp. ATCC 53627 and its expression in Escherichia coli. Biotechnology 
Letters. 1997;19(10):1027–31.
[61] Fujiwara S, Kakihara H, Sakaguchi K, Imanaka T. Analysis of mutations in cyclodextrin 
glucanotransferase from bacillus-stearothermophilus which affect cyclization character-
istics and thermostability. Journal of Bacteriology. 1992;174(22):7478–81.
[62] Moller MS, Henriksen A, Svensson B. Structure and function of alpha-glucan debranch-
ing enzymes. Cellular and Molecular Life Sciences. 2016;73(14):2619–41.
[63] Zhu AP, Romero R, Huang JB, Clark A, Petty HR. Maltooligosaccharides from JEG-3 
trophoblast-like cells exhibit immunoregulatory properties. American Journal of 
Reproductive Immunology. 2011;65(1):54–64.
[64] Chen HL, Lu YH, Lin JJ, Ko LY. Effects of isomalto-oligosaccharides on bowel functions 
and indicators of nutritional status in constipated elderly men. Journal of the American 
College of Nutrition. 2001;20(1):44–9.
[65] Mizubuchi H, Yajima T, Aoi N, Tomita T, Yoshikai Y. Isomalto-oligosaccharides polarize 
Th1-like responses in intestinal and systemic immunity in mice. Journal of Nutrition. 
2005;135(12):2857–61.
[66] Plou FJ, Martin MT, de Segura AG, Alcalde M, Ballesteros A. Glucosyltransferases 
acting on starch or sucrose for the synthesis of oligosaccharides. Canadian Journal of 
Chemistry-Revue Canadienne De Chimie. 2002;80(6):743–52.
[67] Cho SK, Shin SY, Lee SJ, Li L, Moon JS, Kim DJ, et al. Simple synthesis of isomaltooli-
gosaccharides during sauerkraut fermentation by addition of Leuconostoc starter and 
sugars. Food Science and Biotechnology. 2015;24(4):1443–6.
[68] Bertrand E, Pierre G, Delattre C, Gardarin C, Bridiau N, Maugard T, et al. Dextranase 
immobilization on epoxy CIM (R) disk for the production of isomaltooligosaccharides 
from dextran. Carbohydrate Polymers. 2014;111:707–13.
[69] Rabelo MC, Honorato TL, Goncalves LRB, Pinto GAS, Rodrigues S. Optimization of enzy-
matic synthesis of isomalto-oligosaccharides production. Journal of Food Biochemistry. 
2009;33(3):342–54.
Microbial Glycosidases for Nondigestible Oligosaccharides Production
http://dx.doi.org/10.5772/65935
199
[70] Kubik C, Sikora B, Bielecki S. Immobilization of dextransucrase and its use with soluble 
dextranase for glucooligosaccharides synthesis. Enzyme and Microbial Technology. 
2004;34(6):555–60.
[71] Heincke K, Demuth B, Jordening HJ, Buchholz K. Kinetics of the dextransucrase accep-
tor reaction with maltose—experimental results and modeling. Enzyme and Microbial 
Technology. 1999;24(8–9):523–34.
[72] Chung CH, Day DF. Efficacy of Leuconostoc mesenteroides (ATCC 13146) isomaltooli-
gosaccharides as a poultry prebiotic. Poultry Science. 2004;83(8):1302–6.
[73] Lee MS, Cho SK, Eom HJ, Kim SY, Kim TJ, Han NS. Optimized substrate concentra-
tions for production of long-chain isomaltooligosaccharides using dextransucrase 
of Leuconostoc mesenteroides B-512F. Journal of Microbiology and Biotechnology. 
2008;18(6):1141–5.
[74] Moulis C, Medina GV, Suwannarangsee S, Monsan P, Remaud-Simeon M, Potocki-
Veronese G. One-step synthesis of isomalto-oligosaccharide syrups and dextrans of 
controlled size using engineered dextransucrase. Biocatalysis and Biotransformation. 
2008;26(1–2):141–51.
[75] Goulas AK, Fisher DA, Grimble GK, Grandison AS, Rastall RA. Synthesis of isomaltooli-
gosaccharides and oligodextrans by the combined use of dextransucrase and dextran-
ase. Enzyme and Microbial Technology. 2004;35(4):327–38.
[76] Manas NHA, Jonet MA, Murad AMA, Mahadi NM, Illias RM. Modulation of trans-
glycosylation and improved malto-oligosaccharide synthesis by protein engi-
neering of maltogenic amylase from Bacillus lehensis G1. Process Biochemistry. 
2015;50(10):1572–80.
[77] Kashiwagi N, Miyake M, Hirose S, Sota M, Ogino C, Kondo A. Cloning and starch 
degradation profile of maltotriose-producing amylases from Streptomyces species. 
Biotechnology Letters. 2014;36(11):2311–7.
[78] Ozturk HU, Denizci AA, Ogan A, Kazan D. A Maltooligosaccharides producing alpha-
amylase from Bacillus subtilis SDP1 Isolated from rhizosphere of Acacia cyanophylla 
Lindley. Food Biotechnology. 2014;28(4):309–32.
[79] Hwang SY, Nakashima K, Okai N, Okazaki F, Miyake M, Harazono K, et al. Thermal 
stability and starch degradation profile of alpha-amylase from Streptomyces avermitilis. 
Bioscience Biotechnology and Biochemistry. 2013;77(12):2449–53.
[80] Jana M, Maity C, Samanta S, Pati BR, Islam SS, Das Mohapatra PK, et al. Salt-
independent thermophilic alpha-amylase from Bacillus megaterium VUMB109: an effi-
cacy testing for preparation of maltooligosaccharides. Industrial Crops and Products. 
2013;41:386–91.
Enzyme Inhibitors and Activators200
[81] Shibata K, Sakamoto K, Nakatsu S, Kajihara R, Shimoda M. Enzymatic production of 
malto-oligosaccharide in potato by freeze-thaw infusion. Food Science and Technology 
Research. 2010;16(4):273–8.
[82] Kim YH, Kwon TK, Park S, Seo HS, Cheong JJ, Kim CH, et al. Trehalose synthesis by 
sequential reactions of recombinant maltooligosyltrehalose synthase and maltooligosyl-
trehalose trehalohydrolase from Brevibacterium helvolum. Applied and Environmental 
Microbiology. 2000;66(11):4620–4.
[83] Kato M. Trehalose production with a new enzymatic system from Sulfolobus solfatari-
cus KM1. Journal of Molecular Catalysis B-Enzymatic. 1999;6(3):223–33.
[84] Li XL, Li D. Preparation of linear maltodextrins using a hyperthermophilic amylopul-
lulanase with cyclodextrin- and starch-hydrolysing activities. Carbohydrate Polymers. 
2015;119:134–41.
[85] Zhang L, Jiang YJ, Jiang ZY, Sun XH, Shi JF, Cheng W, et al. Immobilized transglucosi-
dase in biomimetic polymer-inorganic hybrid capsules for efficient conversion of malt-
ose to isomaltooligosaccharides. Biochemical Engineering Journal. 2009;46(2):186–92.
[86] Chockchaisawasdee S, Poosaran N. Production of isomaltooligosaccharides from banana 
flour. Journal of the Science of Food and Agriculture. 2013;93(1):180–6.
[87] Zhang L, Su YL, Zheng Y, Jiang ZY, Shi JF, Zhu YY, et al. Sandwich-structured enzyme 
membrane reactor for efficient conversion of maltose into isomaltooligosaccharides. 
Bioresource Technology. 2010;101(23):9144–9.
[88] Sheu DC, Huang CI, Duan KJ. Production of isomaltooligosaccharides by alpha- 
glucosidase immobilized in chitosan beads and by polyethyleneimine-glutataldehyde 
treated mycelia of Aspergillus carbonarious. Biotechnology Techniques. 1997;11(5):287–91.
[89] Kaulpiboon J, Rudeekulthamrong P, Watanasatitarpa S, Ito K, Pongsawasdi P. Synthesis 
of long-chain isomaltooligosaccharides from tapioca starch and an in vitro inves-
tigation of their prebiotic properties. Journal of Molecular Catalysis B-Enzymatic. 
2015;120:127–35.
[90] Rudeekulthamrong P, Sawasdee K, Kaulpiboon J. Production of long-chain isomaltooli-
gosaccharides from maltotriose using the thermostable amylomaltase and transglucosi-
dase enzymes. Biotechnology and Bioprocess Engineering. 2013;18(4):778–86.
[91] Hendry GAF. Evolutionary origins and natural functions of fructans - a climatological, 
biogeographic and mechanistic appraisal. New Phytologist. 1993;123(1):3–14.
[92] Van den Ende W. Multifunctional fructans and raffinose family oligosaccharides. 
Frontiers in Plant Science. 2013;4:247–258.
[93] Singh RS, Singh RP. Production of fructooligosaccharides from inulin by endoinulinases 
and their prebiotic potential. Food Technology and Biotechnology. 2010;48(4):435–50.
Microbial Glycosidases for Nondigestible Oligosaccharides Production
http://dx.doi.org/10.5772/65935
201
[94] Cho YJ, Sinha J, Park JP, Yun JW. Production of inulooligosaccharides from inulin by 
a dual endoinulinase system. Enzyme and Microbial Technology. 2001;29(6–7):428–33.
[95] Park JP, Bae JT, You DJ, Kim BW, Yun JW. Production of inulooligosaccharides 
from inulin by a novel endoinulinase from Xanthomonas sp. Biotechnology Letters. 
1999;21(12):1043–6.
[96] Park JP, Kim DH, Kim DS, Yun JW. Enzymatic production of inulo-oligosaccharides 
from chicory juice. Biotechnology Letters. 1998;20(4):385–8.
[97] Yokota A, Yamauchi O, Tomita F. Production of inulotriose from inulin by inulin-
degrading enzyme from streptomyces-rochei-e87. Letters in Applied Microbiology. 
1995;21(5):330–3.
[98] Kim DH, Choi YJ, Song SK, Yun JW. Production of inulo-oligosaccharides using endo-
inulinase from a Pseudomonas sp. Biotechnology Letters. 1997;19(4):369–71.
[99] Yun JW, Kim DH, Uhm TB, Song SK. Production of high-content inulo-oligosaccha-
rides from inulin by a purified endoinulinase. Biotechnology Letters. 1997;19(9):935–8.
[100] Kuhn GD, Dalla Rosa C, Silva MF, Treichel H, de Oliveira D, Oliveira JV. Synthesis 
of fructooligosaccharides from Aspergillus niger commercial inulinase immobilized in 
montmorillonite pretreated in pressurized propane and LPG. Applied Biochemistry 
and Biotechnology. 2013;169(3):750–60.
[101] Mutanda T, Wilhelmi BS, Whiteley CG. Response surface methodology: synthesis of 
inulooligosaccharides with an endoinulinase from Aspergillus niger. Enzyme and 
Microbial Technology. 2008;43(4–5):362–8.
[102] Mutanda T, Wilhelmi BS, Whiteley CG. Biocatalytic conversion of inulin and sucrose 
into short chain oligosaccharides for potential pharmaceutical applications. African 
Journal of Science Technology Innovation & Development. 2015;7(5):371–80.
[103] Silva MF, Rigo D, Mossi V, Golunski S, Kuhn GD, Di Luccio M, et al. Enzymatic synthesis of 
fructooligosaccharides by inulinases from Aspergillus niger and Kluyveromyces marx-
ianus NRRL Y-7571 in aqueous-organic medium. Food Chemistry. 2013;138(1):148–53.
[104] Naidoo K, Ayyachamy M, Permaul K, Singh S. Enhanced fructooligosaccharides 
and inulinase production by a Xanthomonas campestris pv. phaseoli KM 24 mutant. 
Bioprocess and Biosystems Engineering. 2009;32(5):689–95.
[105] Yun JW, Choi YJ, Song CH, Song SK. Microbial production of inulo-oligosaccharides 
by an endoinulinase from Pseudomonas sp expressed in Escherichia coli. Journal of 
Bioscience and Bioengineering. 1999;87(3):291–5.
[106] Yun JW, Park JP, Song CH, Lee CY, Kim JH, Song SK. Continuous production of 
inulo-oligosaccharides from chicory juice by immobilized endoinulinase. Bioprocess 
Engineering. 2000;22(3):189–94.
Enzyme Inhibitors and Activators202
[107] Zhengyu J, Jing W, Bo J, Xueming X. Production of inulooligosaccharides by endoinu-
linases from Aspergillus ficuum. Food Research International. 2005;38(3):301–8.
[108] Jain I, Kumar V, Satyanarayana T. Xylooligosaccharides: an economical prebiotic 
from agroresidues and their health benefits. Indian Journal of Experimental Biology. 
2015;53(3):131–42.
[109] Carvalho AFA, Neto PD, Da Silva DF, Pastore GM. Xylo-oligosaccharides from ligno-
cellulosic materials: chemical structure, health benefits and production by chemical 
and enzymatic hydrolysis. Food Research International. 2013;51(1):75–85.
[110] Aachary AA, Prapulla SG. Value addition to corncob: production and characteriza-
tion of xylooligosaccharides from alkali pretreated lignin-saccharide complex using 
Aspergillus oryzae MTCC 5154. Bioresource Technology. 2009;100(2):991–5.
[111] Boonchuay P, Techapun C, Seesuriyachan P, Chaiyaso T. Production of xylooligosac-
charides from corncob using a crude thermostable endo-xylanase from Streptomyces 
thermovulgaris TISTR1948 and prebiotic properties. Food Science and Biotechnology. 
2014;23(5):1515–23.
[112] Chapla D, Pandit P, Shah A. Production of xylooligosaccharides from corncob xylan 
by fungal xylanase and their utilization by probiotics. Bioresource Technology. 
2012;115:215–21.
[113] Samanta AK, Jayapal N, Kolte AP, Senani S, Sridhar M, Dhali A, et al. Process for enzy-
matic production of xylooligosaccharides from the xylan of corn cobs. Journal of Food 
Processing and Preservation. 2015;39(6):729–36.
[114] Teng C, Yan QJ, Jiang ZQ, Fan GS, Shi B. Production of xylooligosaccharides from the 
steam explosion liquor of corncobs coupled with enzymatic hydrolysis using a thermo-
stable xylanase. Bioresource Technology. 2010;101(19):7679–82.
[115] Yang R, Xu S, Wang Z, Yang W. Aqueous extraction of corncob xylan and production of 
xylooligosaccharides. Lwt-Food Science and Technology. 2005;38(6):677–82.
[116] Yoon KY, Woodams EE, Hang YD. Enzymatic production of pentoses from the hemicel-
lulose fraction of corn residues. Lwt-Food Science and Technology. 2006;39(4):388–92.
[117] Akpinar O, Ak O, Kavas A, Bakir U, Yilmaz L. Enzymatic production of xylooli-
gosaccharides from cotton stalks. Journal of Agricultural and Food Chemistry. 
2007;55(14):5544–51.
[118] Akpinar O, Erdogan K, Bakir U, Yilmaz L. Comparison of acid and enzymatic hydro-
lysis of tobacco stalk xylan for preparation of xylooligosaccharides. Lwt-Food Science 
and Technology. 2010;43(1):119–25.
[119] Chapla D, Dholakiya S, Madamwar D, Shah A. Characterization of purified fungal 
endoxylanase and its application for production of value added food ingredient from 
agroresidues. Food and Bioproducts Processing. 2013;91(C4):682–92.
Microbial Glycosidases for Nondigestible Oligosaccharides Production
http://dx.doi.org/10.5772/65935
203
[120] Falck P, Aronsson A, Grey C, Stalbrand H, Karlsson EN, Adlercreutz P. Production 
of arabinoxylan-oligosaccharide mixtures of varying composition from rye bran by 
a combination of process conditions and type of xylanase. Bioresource Technology. 
2014;174:118–25.
[121] Faryar R, Linares-Pasten JA, Immerzeel P, Mamo G, Andersson M, Stalbrand H, et al. 
Production of prebiotic xylooligosaccharides from alkaline extracted wheat straw using 
the K80R-variant of a thermostable alkali-tolerant xylanase. Food and Bioproducts 
Processing. 2015;93:1–10.
[122] Kallel F, Driss D, Chaabouni SE, Ghorbel R. Biological activities of xylooligosaccha-
rides generated from garlic straw xylan by purified xylanase from Bacillus mojavensis 
UEB-FK. Applied Biochemistry and Biotechnology. 2015;175(2):950–64.
[123] Ko CH, Shih TL, Jhan BT, Chang FC, Wang YN, Wang YC. Production of xylooligosac-
charides from forest waste by membrane separation and Paenibacillus xylanase hydro-
lysis. Bioresources. 2013;8(1):612–27.
[124] Lakshmi GS, Rajeswari BU, Prakasham RS. Biosynthesis of xylobiose: a strategic way 
to enrich the value of oil palm empty fruit bunch fiber. Journal of Microbiology and 
Biotechnology. 2012;22(8):1084–91.
[125] Mazzaferro LS, Cuna MM, Breccia JD. Production of xylo-oligosaccharides by chemo-
enzymatic treatment of agricultural by-products. Bioresources. 2011;6(4):5050–61.
[126] Rehman SU, Babu I, Zahoor T, Nawaz H, Bhatti IA, Latif F, et al. Extraction of xylooli-
gosaccharides from hard-shell almond variety ('Wirin') and their utilisation in cookies. 
Journal of Food Science and Technology-Mysore. 2008;45(6):527–30.
[127] Samanta AK, Jayapal N, Kolte AP, Senani S, Sridhar M, Suresh KP, et al. Enzymatic pro-
duction of xylooligosaccharides from alkali solubilized xylan of natural grass (Sehima 
nervosum). Bioresource Technology. 2012;112:199–205.
[128] Wang J, Sun BG, Cao YP, Tian Y. Enzymatic preparation of wheat bran xylooligosac-
charides and their stability during pasteurization and autoclave sterilization at low pH. 
Carbohydrate Polymers. 2009;77(4):816–21.
[129] Zhang YD, Yu G, Li B, Mu XD, Peng H, Wang HS. Hemicellulose isolation, character-
ization, and the production of xylo-oligosaccharides from the wastewater of a viscose 
fiber mill. Carbohydrate Polymers. 2016;141:238–43.
[130] Bian J, Peng F, Peng XP, Peng P, Xu F, Sun RC. Enzymatic preparation of xylooligosac-
charides by pichia stipitis from sugarcane bagasse. Proceeding of the 4th international 
conference on pulping, papermaking and biotechnology. Nanjing, China, v. I and II, p. 
915–920, 2012.
[131] Bragatto J, Segato F, Squina FM. Production of xylooligosaccharides (XOS) from delig-
nified sugarcane bagasse by peroxide-HAc process using recombinant xylanase from 
Bacillus subtilis. Industrial Crops and Products. 2013;51:123–9.
Enzyme Inhibitors and Activators204
[132] Brienzo M, Carvalho W, Milagres AMF. Xylooligosaccharides production from alkali-
pretreated sugarcane bagasse using xylanases from Thermoascus aurantiacus. Applied 
Biochemistry and Biotechnology. 2010;162(4):1195–205.
[133] Li XT, Li E, Zhu YP, Teng C, Sun BG, Song HL, et al. A typical endo-xylanase from 
Streptomyces rameus L2001 and its unique characteristics in xylooligosaccharide pro-
duction. Carbohydrate Research. 2012;359:30–6.
[134] Xue JL, Zhao S, Liang RM, Yin X, Jiang SX, Su LH, et al. A biotechnological process effi-
ciently co-produces two high value-added products, glucose and xylooligosaccharides, 
from sugarcane bagasse. Bioresource Technology. 2016;204:130–8.
[135] Zhu JJ, Zhu YY, Jiang FX, Xu Y, Ouyang J, Yu SY. An integrated process to produce 
ethanol, vanillin, and xylooligosaccharides from Camellia oleifera shell. Carbohydrate 
Research. 2013;382:52–7.
[136] Combo AMM, Aguedo M, Paquot M. Pectic oligosaccharides: production and potential 
applications. Biotechnologie Agronomie Societe Et Environnement. 2011;15(1):153–64.
[137] Strube ML, Ravn HC, Ingerslev HC, Meyer AS, Boye M. In situ prebiotics for weaning 
piglets: in vitro production and fermentation of potato galacto-rhamnogalacturonan. 
Applied and Environmental Microbiology. 2015;81(5):1668–78.
[138] Strube ML, Jensen TK, Meyer AS, Boye M. In situ prebiotics: enzymatic release of 
galacto-rhamnogalacturonan from potato pulp in vivo in the gastrointestinal tract of 
the weaning piglet. Amb Express. 2015;5.
[139] Olano-Martin E, Williams MR, Gibson GR, Rastall RA. Pectins and pectic- oligosaccharides 
inhibit Escherichia coli O157: H7 Shiga toxin as directed towards the human colonic 
cell line HT29. Fems Microbiology Letters. 2003;218(1):101–5.
[140] Combo AMM, Aguedo M, Quievy N, Danthine S, Goffin D, Jacquet N, et al. 
Characterization of sugar beet pectic-derived oligosaccharides obtained by enzymatic 
hydrolysis. International Journal of Biological Macromolecules. 2013;52:148–56.
[141] Khodaei N, Fernandez B, Fliss I, Karboune S. Digestibility and prebiotic properties of 
potato rhamnogalacturonan I polysaccharide and its galactose-rich oligosaccharides/
oligomers. Carbohydrate Polymers. 2016;136:1074–84.
[142] Khodaei N, Karboune S. Enzymatic generation of galactose-rich oligosaccharides/
oligomers from potato rhamnogalacturonan I pectic polysaccharides. Food Chemistry. 
2016;197:406–14.
[143] Holck J, Hjerno K, Lorentzen A, Vigsnaes LK, Hemmingsen L, Licht TR, et al. Tailored 
enzymatic production of oligosaccharides from sugar beet pectin and evidence of dif-
ferential effects of a single DP chain length difference on human faecal microbiota com-
position after in vitro fermentation. Process Biochemistry. 2011;46(5):1039–49.
Microbial Glycosidases for Nondigestible Oligosaccharides Production
http://dx.doi.org/10.5772/65935
205
[144] Combo AMM, Aguedo M, Goffin D, Wathelet B, Paquot M. Enzymatic production of 
pectic oligosaccharides from polygalacturonic acid with commercial pectinase prepa-
rations. Food and Bioproducts Processing. 2012;90(C3):588–96.
[145] Sabajanes MM, Yanez R, Alonso JL, Parajo JC. Pectic oligosaccharides production from 
orange peel waste by enzymatic hydrolysis. International Journal of Food Science and 
Technology. 2012;47(4):747–54.
[146] Babbar N, Baldassarre S, Maesen M, Prandi B, Dejonghe W, Sforza S, et al. Enzymatic 
production of pectic oligosaccharides from onion skins. Carbohydrate Polymers. 
2016;146:245–52.
[147] de Assis CF, Araujo NK, Pagnoncelli MGB, Pedrini M, de Macedo GR, dos Santos ES. 
Chitooligosaccharides enzymatic production by Metarhizium anisopliae. Bioprocess 
and Biosystems Engineering. 2010;33(7):893–9.
[148] Jeon YJ, Kim SK. Production of chitooligosaccharides using an ultrafiltration membrane 
reactor and their antibacterial activity. Carbohydrate Polymers. 2000;41(2):133–41.
[149] Kim SK, Rajapakse N. Enzymatic production and biological activities of chitosan oligo-
saccharides (COS): a review. Carbohydrate Polymers. 2005;62(4):357–68.
[150] Lee HW, Park YS, Jung JS, Shin WS. Chitosan oligosaccharides, dp 2–8, have prebiotic 
effect on the Bifidobacterium bifidium and Lactobacillus sp. Anaerobe. 2002;8(6):319–24.
[151] Cheng CY, Li YK. An Aspergillus chitosanase with potential for large-scale prepa-
ration of chitosan oligosaccharides. Biotechnology and Applied Biochemistry. 
2000;32:197–203.
[152] Izume M, Ohtakara A. Preparation of d-glucosamine oligosaccharides by the enzymatic-
hydrolysis of chitosan. Agricultural and Biological Chemistry. 1987;51(4):1189–91.
[153] Kuo CH, Chen CC, Chiang BH. Process characteristics of hydrolysis of chitosan in a 
continuous enzymatic membrane reactor. Journal of Food Science. 2004;69(7):1–8.
[154] Kuroiwa T, Izuta H, Nabetani H, Nakajima M, Sato S, Mukataka S, et al. Selective and 
stable production of physiologically active chitosan oligosaccharides using an enzy-
matic membrane bioreactor. Process Biochemistry. 2009;44(3):283–7.
Enzyme Inhibitors and Activators206
